INTRODUCTION
The importance of aquaculture as a vector for the introduction and spread of exotic species, defined here as species that have been introduced to an area outside of their natural range, has been highlighted previously (Carlton 1992a , Carlton 1992b , Naylor et al. 2001 , Streftaris et al. 2005 . However, to our knowledge, there has yet to be a thorough assessment of the importance of aquaculture in general and bivalve culture in particular, to the introduction and spread of exotic species (but see Carlton 1992b) . The mechanisms and factors associated with aquaculture that would mediate the introduction and spread of aquatic invaders need to be considered by environmental managers.
There are two broad classes of introductions that may result from activities associated with the culture of bivalves. First, there is the establishment and spread of exotic species that have been intentionally introduced into an area for aquaculture purposes (i.e., the ''target'' species). Classic examples of this include the introduction and naturalization of the Pacific oyster (Crassostrea gigas Thunberg) on the Pacific coast of North America and in various countries throughout Europe (Grizel & Heral 1991 , Reise 1998 , Drinkwaard 1999 and of the Mediterranean mussel (Mytilus galloprovincialis Lamarck) in South Africa (Branch & Steffani 2004) . It is likely that the underlying motive of many earlier introductions of exotic species for aquaculture purposes was to establish commercially and self-sustaining populations or to compensate for the disease loss. Second, there is the establishment and spread of species that are either associated with the introduced bivalves (Carlton 1989 , Carlton 1999 or facilitated by aquaculture activities (i.e., structures or husbandry practices). These species may include both ''hitchhiking'' species (animals and plants that grow in association with the bivalves) and disease causing organisms that may impact both target species and other species (Barber 1996) . This acts at two spatial scales: at an interregional or international scale with respect to the initial introduction of hitchhiking species and also at a regional or local scale, where the transfer of stock among sites may be an important factor in the spread of established exotic species locally . Other related vectors, such as processing plants for bivalves, are also of importance at a regional scale. The provision of novel habitat by cultured species and the cultivation environment may also facilitate for the establishment or amplification of exotic species that may be introduced by aquaculture or other vectors or of native species that might thrive with the provision of such novel habitat (Carver et al. 2003 , Rodriguez 2005 .
This paper reviews some of the environmental and ecological implications of the relationship between bivalve aquaculture and the introduction and spread of exotic species. Some management implications and mitigation strategies are also addressed. It must be highlighted that many of the observations reported in this review are likely not representative of bivalve aquaculture in general and may be rather extreme examples. Published information on the prevalence of any of the issues discussed is simply not available and we hope this review stimulates work to that end.
The majority of literature to date has been concerned with transfer of exotics in association with oyster culture, probably because this appears to be the dominant vector for all types of *Corresponding author. E-mail: mckindseyc@dfo-mpo.gc.ca introductions (planned or otherwise) in bivalve aquaculture (Carlton 1992b) . There is little published information about other bivalve species with respect to their function as exotic species or as vectors for other exotic species. Consequently, the following discussion is largely based on oyster-oriented literature but has been expanded where possible to include other taxa.
HISTORY OF EXOTIC BIVALVE INTRODUCTIONS FOR AQUACULTURE AND THEIR ROLE AS VECTORS FOR OTHER EXOTICS
The use of exotic bivalve species for aquaculture purposes may be because of a number of reasons. First, exotic bivalves may be considered to expand existing markets or to use species with the best growth or resistance to diseases or other environmental factors. Second, exotic species may also be considered to reduce development costs associated with new species (Hewitt et al. 2006) . Whatever the reasons, the use of exotic bivalves for aquaculture purposes is now common practice in many areas.
Bivalves have been grown and transported for culture for hundreds of years (Mann 1983 , Chew 1990 ). Oysters were grown on artificial structures by the Romans (Balon 1967b , cited in Balon 1995 , and were held in parks in 7th century Greece (http://www.ifremer.fr/aquaculture/aquaculture/historique. htm). The first documented oyster (Ostrea edulis Linnaeus) transfers date back to at least 1714 in Europe (Wolff & Reise 2002) . Thereafter, transfers of O. edulis became routine, and attempts were made to introduce other species, (e.g., American oysters, Crassostrea virginica Gmelin) (circa 1870), Portuguese oysters (Crassostrea angulata Lamarck-actually a strain of C. gigas likely introduced with ship fouling) (imported from Portugal to France in latter half of 19th century), and C. gigas (1903) (Wolff & Reise 2002) . Mussel spat capture and grow-out started in the 13th century in Europe (http://www.mytiliculture. com/spip.php?article7). In North America, serious efforts to introduce exotic species of bivalves for culture started on the west coast with the attempted introduction of C. virginica in Puget Sound, WA, in the 1870 to 1880s and was ongoing until the 1920s and in British Columbia from the 1880s until the 1930s (Wonham & Carlton 2005) . Effort was subsequently directed towards introducing C. gigas on the west coast, with an initial attempt in Puget Sound in 1875 and ongoing with efforts there from 1902 onwards, and in British Columbia starting in 1912 to 1913 (Wonham & Carlton 2005) . Many attempts have been made to introduce O. edulis to both coasts, starting in 1949 to 1961 in the eastern United States and 1957 to 1959 in eastern Canada and on the west coast after this (Chew 1990 , Carlton 1992a , Shatkin et al. 1997 , Vercaemer et al. 2003 .
Introductions of C. gigas and to a lesser extent of C. virginica and other oyster species, outside of their native range for aquaculture have been suggested to be one of the greatest single modes of introduction of exotic marine species world-wide (Wasson et al. 2001 . For example, the transfer of organisms with bivalves has been suggested to be the dominant source of exotic species in northern Europe (Minchin 1996 , Streftaris et al. 2005 and among the most important vectors elsewhere on that continent (Ribera Siguan 2003 , Streftaris et al. 2005 . In the north east Pacific, some authors suggest that oyster introductions have even been the major source of introduction of exotic molluscs (Carlton 1992) and invertebrates in general (reviewed in Carlton & Mann 1996; Wonham & Carlton 2005) , historically contributing at least as many of the exotic species to that area as international shipping. The importance of the relationship between aquaculture activities and the introduction and spread of exotic species has been highlighted by Carlton (1999) who observed that there are relatively few introductions of exotic species associated with bivalve culture on the eastern seaboard of North America, where most of the cultured species are indigenous (Boghen 1995) , as compared with western North America, where most of the cultured species are exotic.
Bivalves and Bivalve Aquaculture as Habitat and Ecosystem Effects
Bivalves, especially large forms found in dense aggregations, similar to those grown in aquaculture, may have a considerable influence on the ecosystem (Crooks 2002) and their effect may extend beyond the communities of exotic bivalves themselves and into adjacent habitats (Dame 1996) . All bivalves that are currently cultured to any extent are ''foundation'' species (Dayton 1972) , meaning that they are relatively large, dominant in terms of biomass or abundance, and have a positive effect on community inhabitants as a consequence of their physical presence and not their actions. As such, they facilitate or otherwise influence benthic communities by creating general habitat, providing refuge from predation, reducing physical and physiological stress, enhancing settlement and recruitment, and increasing food supply (Bruno & Bertness 2001) . Dense bivalves communities have also been shown to have a number of other important ecosystem effects, including, inter alia, altering nutrient fluxes, planktonic communities, etc. (Dame 1996) .
Bivalve culture has the potential to increase the threedimensional structure of the physical environment via both the physical structure of the equipment used (buoys, lines, trays, bags, rafts, netting, etc.) and the cultured bivalves themselves. The habitat modification associated with suspended or offbottom culture practices can be particularly pronounced in areas previously devoid of any relief or hard substrate (e.g., flat sand or mud dominated). The physical structures associated with bivalve aquaculture afford both foraging and refuge opportunities for different species, either directly or else indirectly through colonizing species (Bartol & Mann 1997 , O'Beirn et al. 2000 , Shumway et al. 2003 . Organisms growing on bivalves in culture may in turn attract other organisms, such as fish and more mobile macroinvertebrates (Carbines 1993) as well as fouling species (Lawrence et al. 2000) . Hence, many studies have noted great abundances and biomass of organisms living associated with bivalves in suspension, on-bottom and off-bottom culture (Tenore & Gonza´lez 1976 , Castel et al. 1989 , Khalaman 2001 , Luckenbach 2001 , LeBlanc et al. 2002 , Dealteris et al. 2004 , O'Beirn et al. 2004 , Guenther et al. 2006 , see review in McKindsey et al. 2006 . Indeed, bivalve farmers are constantly searching for ways to reduce the abundance of fouling organisms on their stock and equipment to increase their growth, facilitate field maintenance and processing (see reviews in LeBlanc et al. 2003 ) and increase marketability. As with natural bivalve communities, bivalve aquaculture communities may have a variety of near-and farfield cascading effects on different parts of the ecosystem, including influencing primary and secondary productivity and community structure (see reviews in Broekhuizen et al. 2002 , McKindsey et al. 2006 , Anderson et al. 2006 ). Although Ruesink et al. (2005) suggest that the role of oysters as foundation species is ''particularly pronounced'' in soft-sediment habitats lacking other hard substrate, it is equally likely that the importance of these and other taxa will be as great in suspension and off-bottom culture as this too creates novel habitat.
Endemic and exotic species in culture are likely to have similar effects directly associated to the culture activities (i.e., near-field effects). Endemic species, especially those being captured from wild sources, are likely to have little effect on background populations of the wild population and thus may have limited far-field effects, although mussel spat harvested from the wild for grow-out on farms has been suggested to be susceptible to overexploitation in some areas . In contrast, cultured exotic species that are capable of reproducing in farm operations and to spread beyond their confines may have more dramatic far-field effects. In fact, recent modeling work (Cuddington & Hastings 2004) suggests that exotic foundation species may have the greatest effects on the receiving ecosystems because of the ways in which they may modify the physical habitat. Surprisingly, few studies have examined the influence of exotic bivalves that have spread from aquaculture sites on the environment and even fewer studies have involved manipulative experiments. Clear expressions of this effect can be found in the Oosterschelde in the Netherlands and the German Wadden Sea, where oyster (C. gigas) introduced for culture purposes have naturalized and established self-sustaining populations (Dijkema 1997, Seaman and Ruth 1997) . These populations are considered a nuisance for existing aquaculture operations (i.e., mussel culture) and conservation goals (Smaal et al. 2005 , Diederich 2006 ).
The ability to predict whether an exotic bivalve that has been introduced into an area will establish, propagate and spread is an imprecise science (Shatkin et al. 1997 , much as it is in general in invasion biology (Lodge et al. 1998 , Ricciardi & Rasmussen 1998 , Heger & Trepl 2003 . In short, the ability of a given species to establish is a function of how well the environment in which it finds itself provides for its needs in terms of food and habitat availability, its reproductive capacity (including dispersal ability), and interspecific interactions with the local flora and fauna as well as abiotic factors.
The influences of exotic bivalves on benthic communities that lack such foundation species are in accord with principles in the ecological literature. In general, the addition of exotic oysters to soft-sediment areas leads to an increase in the abundance of most groups of organisms. In one of the rare manipulative experiments to evaluate the influence of an introduced bivalve, Escapa et al. (2004) showed that the presence of intertidal C. gigas beds increased the abundance of both infauna and epifauna as well as that of birds relative to adjacent control areas without oyster beds. Similarly, observational studies done in Washington State (Dumbauld et al. 2000 , Hosack 2003 , cited in Ruesink et al. 2005 have shown that the diversity and abundance of various groups of organisms in mud flats are increased by the presence of C. gigas beds. The influence of exotic oysters on hard substrate-associated species is variable and often indirect. For example, C. gigas on rocky coasts in British Columbia tends to occupy the high intertidal zones and, far from limiting the abundance of the normal barnacle community in that zone, actually increases the surface area for the barnacles (Bourne 1979 , cited in Ruesink et al. 2005 . C. gigas has also been observed to recruit to mussel beds on both rocky coasts (Orensanz et al. 2002) and mudflats and established mussel (M. edulis) reefs (Wolff & Reise 2002; Diederich 2005 , Diederich 2006 ), slowly transforming the former mussel beds into oyster reefs. However, some of these observed changes might be facilitated by factors other than competitive exclusion such as milder winters recently experienced in the German Wadden Sea (Nehls et al. 2006) .
Although often understandable in hindsight, the influence of exotic bivalves on the functioning of the benthic and/or intertidal ecosystem is very difficult to predict. Branch and Steffani (2004) provide an excellent review of one case (M. galloprovincialis in South Africa). In short, their findings suggest that although some of the mussel's effects may have been predicted with good information on the local biology and ecology, some are only understandable in hindsight as the diversity of interactions between the mussel and the local fauna and the environment make it difficult to predict all potential effects.
Biological properties that can facilitate the establishment and spread of invasive species include rapid growth under a range of environmental conditions, tolerance to a range of physiological stress, and great reproductive output (Ruiz et al. 2000 , Cox 2004 ). These are similar to some of the attributes that are sought for aquaculture species (Branch & Steffani 2004 , National Research Council 2004 . In general, introduced species and native congeners or their approximate ecological bivalve equivalents (e.g., mussels and oysters) differ in their environmental requirements such that strong competitive interactions between them may be limited. That being said, Ruesink et al. (2005) list examples of oyster species with overlapping habitat requirements and show that exotic oysters consistently outgrow and basically dominate endemics. The same is true for mussels. Branch and Steffani (2004) show how the introduced M. galloprovincialis has largely replaced one of the endemic species of mussels (Aulacomya ater Molina) on rocky coasts in South Africa, because the two species overlap greatly in their basic life requirements but that the growth, reproductive output, tolerance to stress, disease resistance, and survivorship are greater for M. galloprovincialis. In contrast, the two other sympatric mussels, Perna perna (Linnaeus) and Choromytilus meridionalis (Krauss), are much less affected, because their basic life requirements differ from those of M. galloprovincialis.
The risk of an introduced species replacing an endemic one in terms of function in the benthos depends on the ecological similarity of the two species. In many instances, congeners are not ecological equivalents. For example, considering only physical structure, neither C. gigas nor Crassostrea ariakensis (Fujita) form the expansive high-relief reefs that C. virginica does within its native range. So, although either of these nonendemic species may in some way replace the filtration capacity and nutrient cycling services that C. virginica normally provides, it is not likely that either would be able to provide the ecological services associated with the physical structure provided by C. virginica. Similarly, many authors (Suchanek 1979 , Suchanek 1981 , Suchanek 1985 , Seed & Suchanek 1992 , Iwasaki 1994 , Iwasaki 1995 , Seed 1996 have shown that different species of mussels differ greatly in the type of threedimensional structure that they create in the natural habitat (e.g., monolayers versus multiple layers of mussels, different densities of byssus and mussels, different sizes, and so forth) and thus would likewise alter any system in which they replaced local species, as is occurring in South Africa (Griffiths et al. 1992) .
Dense aggregations of bivalves also have the potential to significantly influence water column and water column-benthic interactions (Gosling 1992 , Dame 1996 . However, as pointed out for benthic processes, different bivalve species may differ in how they effect this and the expansion of an introduced bivalve species may have complex cascading effects on water column and nutrient dynamics. This could also be the case for species that have direct or indirect impacts on bivalve species or other foundation species in an ecosystem. Such interactions remain largely unstudied to date.
Exotic Hitchhikers
The majority of exotic marine species recorded are benthic and, more specifically, hard-bottom associated species (Gollasch 2006) . Further, the majority of aquatic exotic species are also associated with coastal areas, particularly estuaries and lagoons (Nehring 2006 , Reise et al. 2006 , and exotics in general commonly exploit novel and/or disturbed habitats (Ruiz et al. 2000) . Thus, as bivalve culture sites are commonly sited in areas that have this suite of conditions and/or help create these conditions, bivalve culture may serve to focus exotic species. Further, because of the great diversity of associated species in bivalve culture, relaying or stock transfers among regions may be an important vector for the introduction and/or spread of exotic species even if the target species is found within these broad geographic regions.
There are numerous ways in which exotic species may be introduced into a new environment when bivalves are transferred for aquaculture. Exotics may be present within the bivalves, on the bivalves, in water or on equipment (such as ropes, socking material, cages) transferred with the bivalves, within sediment transferred within empty shells of dead individuals, or associated with other hitchhiking species. The importance of the different modes of transfer varies with culture type and stage of both the bivalves and the exotic species (Buhle et al. 2005 ).
There are three major classes of exotic hitchhikers of concern with respect to bivalve aquaculture and introductions and transfers: (1) exotic macrospecies including algae and animals; (2) exotic phytoplankton (toxic and otherwise); and (3) exotic disease causing organisms. Each of these may influence the bivalve species being cultured or the surrounding ecosystem. Although not all exotic species associated with bivalve aquaculture may have initially been introduced with the practice, all are facilitated by it such that bivalve culture may play an important role in their initial establishment and expansion as well as their secondary spread. Each may also have significant feedback and additive effects on both the bivalves in culture and on the local environment, respectively.
Exotic Macrospecies
Exotic macrospecies of invertebrates and algae may affect the bivalves with which they are associated in culture and the environment in general once introduced along with bivalves for aquaculture. It must be noted that the literature dealing with this subject is quite limited and much of the available information is only available in the ''grey literature,'' including reports and conference proceedings.
The most obvious and immediate effect of exotic macrospecies on aquaculture is the fouling of cultured bivalves and related equipment (lines, cages, buoys, etc.) . A current example is the suite of tunicates that is troubling the mussel industry in Prince Edward Island (PEI), eastern Canada (i.e., the solitary tunicates Styela clava Herdman and Ciona intestinalis Linnaeus and the colonial species Botrylloides violaceus Oka and Botryllus schlosseri Pallas, known commonly as the clubbed, vase, violet, and golden star tunicates, respectively), and another species that is fouling bivalve culture sites in British Columbia, Didemnum sp., which has also been reported off the coast of Nova Scotia, eastern Canada, and the northeast coast of the United States (Kott 2002 , Kott 2004 ). These and other species are also problematic for bivalve culture in the northeastern United States (Bullard et al. 2005 , Getchis 2005 ). It has been suggested that at least some of these tunicates have been introduced and/or spread through bivalve aquaculture (Lambert and Lambert 1998) . Fouling organisms such as tunicates are likely to compete directly with bivalves in culture for food and space, potentially reducing growth rates and increasing stress and mortality (Lesser et al. 1992 , Carver et al. 2003 . That being said, bivalves and fouling tunicate species feed on different types of food such that competition between mussels and tunicates is species-specific. For example, S. clava and M. edulis feed on similar sized food whereas C. intestinalis and M. edulis feed on different sizes of food (Lesser et al. 1992) . Under the latter scenario, Lesser et al. (1992) suggest that the mussel and fouling species are not likely to compete strongly for food and that the latter should not influence mussel yield unless food is a limiting factor. However, this does not take into account the simple physical barrier that the tunicates create, which may reduce the availability of food to the mussels underneath. The presence of such large filter-feeders may also filter out large quantities of seston and potentially change the local carrying capacity for bivalve culture. The presence of such abundant and large macrospecies in association with or adjacent to bivalve culture operations also has a great impact on general operations within the culture sites and for processing as all the lines, etc. used are all much heavier and the tunicates can impede the efficiency of the processing equipment.
The green crab Carcinus maenas Linnaeus is an introduced species in North America where it is a concern for bivalve aquaculture operations. The green crab is a voracious predator and has a preference for bivalves (Behrens Yamada 2001) . On the Atlantic coast of North America, it has been blamed, in part, for the decline of the softshell clam population (Glude 1955 ). Floyd and Williams (2004) suggest that farmers will have to protect the young clams until they reach a size at which they are no longer vulnerable to the crab. It is also common on mussel lines and scallop cages in areas where it is widespread (McKindsey, personal observations) and thus it may also have an effect on these types of bivalve culture. The invasive skeleton shrimp (Caprella mutica Schurin) seems to be widespread along both coasts of the north Atlantic and is believed by some farmers to be responsible for a decline in mussel spat-fall in Canada and Europe (Cook et al. 2004) . Once again, little research to date has addressed these issues.
A number of exotic species introduced with bivalve culture are also having significant effects of that same industry in Europe. For example, the slipper shell Crepidula fornicata (Linnaeus) was introduced to Europe with C. virginica and is now also considered a pest on commercial oyster beds in the United Kingdom, France, and elsewhere (Blanchard 1997 , Barton & Heard 2005 .
The transfer of bivalves is also a well-known vector for macroalgae introductions (Critchley & Dijkema 1984 , Rueness 1989 , Neushul et al. 1992 , Wallentinus 2002 , Ribera Siguan 2003 , Mineur et al. 2004 . In eastern Canada, the green algae Codium fragile ssp. tomentosoides (van Goor) (hereafter, Codium) is one such species. Codium is thought to have originally been transferred to north-eastern North America via oyster culture (Malinowski & Ramus 1973) and to Atlantic Canada with shellfish from the United States (Campbell 1997) . Bivalves on which Codium grows are often dislodged because of the increased drag they impart unto the animals (Trowbridge 1998) . The alga has also been shown to smother blue mussels and bay scallops in eastern North America by attaching to the valves of the animals and keeping them shut (Fralick 1970 , cited in Trowbridge 1998 ) and may also render afflicted bivalves more susceptible to predation (Ramus 1971) . Afflicted bivalves may also have lower meat yields (Galtsoff 1964 , cited in Trowbridge 1998 ) and presumably growth rates. Thus, it is a concern for bivalve culture operations. Hanisak (1979) suggests that Codium may be nitrogenlimited for a good part of the growing season. Bivalves increase the concentration of nitrogen-based compounds in the water directly through excretion and indirectly through the mineralization of settled pseudofeces and feces in the surrounding sediments (e.g., Prins et al. 1998) , this being particularly true in aquaculture situations (Dame 1993) . Thus, it is reasonable to predict that association with bivalves in culture may increase the growth and productivity of macroalgae in some sort of cascading effect. This has also been suggested for the endemic brown algae Pilayella littoralis (Linnaeus) growing on mussels and equipment in Nova Scotia. It was shown to grow quicker on mussel lines than on control mussel lines with dead mussels (Lawrence et al. 2000) .
In Europe, exotic macroalgae are also commonly associated with bivalve culture sites. In fact, Wallentinus (2002) suggests that bivalve stock transfer is the single greatest vector for exotic macroalgae in Europe. For example, Verlaque (2001) has reported 45 species of exotic macroalgae from Thau lagoon in southern France, many of which were suggested to have been introduced with or are associated with the intensive bivalve (mostly oyster, some mussel) culture there. Of these, all but 2 have a likely Pacific origin and Verlaque (2001) suggests that most of these probably arrived with imported C. gigas. Similar claims were also made by Maggs and Stegenga (1999) , who suggest that most species of exotic red algae in the North Sea were introduced via oyster culture. Critchley and Dijkema (1984) suggest that one of the most invasive species of algae in Europe at this time, Sargassum muticum (Yendo), is believed to have been introduced with C. gigas and, although believed to be spread secondarily by floating thalli, has also been observed growing on O. edulis. A similar case has been made for the introduced algae Undaria pinnatifida (Harvey) Suringar in the Mediterranean where both shipping and oyster cultivation are believed to have aided in spreading the alga from Thau Lagoon where it was originally introduced to Europe with C. gigas spat (see Curiel et al. 2001 ).
All the species associated with bivalve culture discussed above may also influence the surrounding ecosystem, particularly if they occur in large numbers or high biomass. However, the importance of these different exotics on the surrounding ecosystem is not well established and requires further investigation. Further, when studied, they have usually been considered as a part of the surrounding ecosystem, not as an influence on it (for tunicates that have invaded PEI, see Osman & Whitlatch 1995a , Osman & Whitlatch 1995b , Osman & Whitlatch 1995c , Stachowicz et al. 1999 Stachowicz et al. 2002; Osman & Whitlatch 2004) , although there have been some exceptions (for the same tunicates, see Whitlatch et al. 1995 , Bullard et al. 2005 , Getchis 2005 .
When studied, the influence of hitchhikers on ecosystem functioning has at times been found to be considerable. For example, Cloern (1982) suggests that, together, the populations of three exotic bivalve species (Venerupis philippinarum Adams and Reeve, Gemma gemma Totten, and Musculista senhousia Benson) that arrived with oyster introductions (Carlton 1992a) may filter the entire volume of water of South San Francisco Bay within one day. Similarly, the slipper limpet (C. fornicata), originally introduced into England with C. virginica, has had dramatic impacts on some benthic communities in Europe, particularly in France (see review by Goulletquer et al. 2002) . The slipper limpet has been suggested to increase spatial competition, alter habitat and limit recruitment, thus displacing important commercial bivalves, such as the great scallop (Pecten maximus Linnaeus) in some areas (Chauvaud et al. 2003 ), but has had little effect in others (De Montaudouin et al. 2001 ).
Exotic Toxic and Nuisance Phytoplankton
Although the documentation of introduced phytoplankton is largely associated with introductions from ballast water (Simard & Hardy 2004) , the importance of shellfish introductions in the introduction and spread of phytoplankton that cause harmful algal blooms and other detrimental ecosystem effects is now being recognized . A number of experimental studies have shown that phytoplankton may be transported via the transfer and introduction of bivalves for aquaculture. Although any stage may be transferred, the concern may be greatest for the resting stages (spores and cysts) because these are the most robust.
Toxic and other nuisance phytoplankton may be transferred with water or as cysts or other resting stages in sediments in bivalve transfers and on the external surfaces of bivalves (Minchin 1996) . In one study, O'Mahony (1993) identified 67 species of phytoplankton associated with oysters transferred from France to Ireland. As was suggested above for macroalgae, there may be some feedback whereby excretory products from mussels in culture stimulate the growth of associated phytoplankton. Following a diarrhetic shellfish poisoning (DSP) outbreak, Levasseur et al. (2003) studied the abundance of the dinoflagellate Prorocentrum lima (Ehrenberg) Dodge, the presumptive causative species for the observed DSP, associated with mussel socks in the Magdalen Islands, eastern Canada. They found this species and a further previously unobserved congener, Prorocentrum mexicanum (Tafall), associated with the epibionts growing on the socks and in the guts of the mussels. Both these studies show that toxic and other nuisance phytoplankton may live associated with epibionts of cultured mussels and thus may be transferred along with them during stock transfers. For example, Lawrence et al. (2000) studied the relationship between macroalgae and mussel farming and found the DSP-related dinoflagellate P. lima growing associated with P. littoralis growing on mussels and equipment in Nova Scotia.
A number of studies have shown that phytoplankton may also be carried within bivalves during stock transfers (Bricelj & Shumway 1998 ). Laing and Gollasch (2002) discuss how the nuisance diatom Coscinodiscus wailesii (Gran & Angst) may have arrived in Europe with bivalve importations, possibly having been transported within the gut or pseudofaeces of oysters in the form of resting cells. This has also been suggested as a possible vector for the exotic toxic dinflagellate Alexandrium catenella (Whedon & Kofoid) Balech, which is now found in Thau Lagoon (Lilly et al. 2002 , Penna et al. 2005 . Penna et al. (2005) further suggest that even if bivalve transfers for aquaculture are not the initial vector for harmful phytoplankton species, they may be for secondary spread. Similarly, Tsujino et al. (2002) found abundant viable cysts of the toxic dinoflagellate Alexandrium spp. in bivalve faecal pellets in Japan, suggesting that this genus may also be transferred with bivalves for aquaculture purposes. This was further supported by work by Bricelj et al. (1993) that showed that M. edulis feces can contain viable Alexandrium fundyense (Balech) cells and Hallegraeff (1993) has reported resistant resting stages from the digestive tracts of bivalves. Following an outbreak of paralytic shellfish poisoning, the potentially toxin-producing dinoflagellates Gonyaulax excavata (Braarud) Balech (¼Alexandrium tamarense) and Prorocentrum minimum (Pavillard) Schiller were found on the gills and in the digestive tract of mussels from areas where the suspect mussels originated (Langeland et al. 1984) . Scarratt et al. (1993) did an experiment to determine the potential of A. tamarense being transferred with scallop (Placopecten magellanicus Gmelin) and M. edulis spat. They showed that live cells were released from the bivalves after spending 6 h under simulated transfer conditions. Similarly, Imada et al. (2001) demonstrated that the spread of the harmful dinoflagellate, Heterocapsa circularisquama Horiguchi, could be facilitated by the transfer of shellfish stock between areas after immotile cells were found to be viable after simulated stock transfers. Subsequent work has shown how these and other species of phytoplankton may all pass through a variety of bivalve species and remain viable (Laabir & Gentien 1999 , Harper et al. 2002 , Springer et al. 2002 , He´garet et al. 2006 , highlighting the possibility of introducing toxic or otherwise harmful phytoplankton with bivalve transfers.
Exotic Parasites and Disease-causing Organisms
Diseases in many species of bivalves in culture and in fisheries are well known throughout the world (Harvell et al. 1999 , see also the special issue on bivalve diseases in Aquatic Living Resources 17 (4) 2004). Figueras (2004: 395) pointed out that, ''bivalve diseases are one of the critical bottle necks causing important and recurrent losses in bivalve culture.'' Thus, with respect to diseases of oysters, Ruesink et al. (2005) suggest that introductions and transfers have been a major cause of emerging diseases and Farley (1992) suggests that most mass mortalities have resulted from the transfer of infected stock. Indeed, it has been suggested that one of the more infamous bivalve diseases in Canadian history, the outbreak of Malpeque Bay disease in oysters in Prince Edward Island in 1915, resulted from a transfer of C. virginica stock from New England (Barber 1996) . That being said, many diseases have only recently been described, are cryptic and may not become expressed once an introduction has taken place (Minchin 1996) . In general, species of concern fall into one of 4 main taxa: viruses, bacteria, protozoans, and higher invertebrates. Good general reviews of the main species are available in Bower et al. (1994) and Bower and McGladdery (2003) give a more in-depth discussion on all the major species. Good reviews for pathogens of oysters and their effects may be found in Shatkin et al. (1997 ), National Research Council (2004 , and Ruesink et al. (2005) .
MANAGEMENT ISSUES
From the previously mentioned facts, it is clear that the introduction and transfer of bivalves for aquaculture purposes has been a major source of introduction of exotic species. Although not explicitly studied, it is also clear that such introductions may have profound effects on bivalve culture itself and also on the receiving ecosystems. It is also evident that once established, exotic species are rarely eliminated from their new habitat (Mack et al. 2000) . Thus, exotic species must be checked before they arrive in a new area. Appropriate governance must be established to ensure that risks of introductions are minimized. Minchin and Rosenthal (2002) identify the 1960s as the period when uncontrolled introduction or transfers of aquaculture products were seriously questioned. The development of the International Council for the Exploration of the Sea (ICES) Code of Practice on the Introductions and Transfers of Marine Organisms (hereafter referred to as the ''ICES Code'') protocols (first advanced in 1973 and revised numerous times subsequently) initially proposed a mechanism whereby the risks associated with the introductions of new species could be minimized based upon quarantine measures. Subsequent revisions of the protocols provide advice on assessing the risks of introducing hitchhiker species and genetic consequences of an introduction even within the context of routine movements of aquaculture species (ICES 2005) .
Risk Assessment
Risk analysis is an important tool in designing and justifying regulatory actions in the international market place. For example, the Office International des Epizootic (OIE) manual for disease control uses risk analysis as the basis for justifying restrictions on movement of aquatic animals in response to concerns about disease transfer and control. Their intent is to provide guidelines and principles for conducting transparent, objective and defensible risk analyses for international trade. Furthermore, ICES have embraced this approach is recent revisions of the ICES Code. The United Nations Group of Experts on the Scientific Aspects of Marine Protection (GESAMP) identified the risks associated with the escapes or establishment of aquaculture species in the wild as a subject area where improved systems and advice were required. A joint project between GESAMP Working Group 31 on Environmental Impacts of Coastal Aquaculture and the International Council for the Exploration of the Sea (ICES) Working Group on Environmental Interactions of Mariculture (WGEIM) was initiated to develop improved risk analysis procedures to assist stakeholders in the coastal zone to come to decisions regarding coastal aquaculture proposals. These endeavors have resulted in a general template for conducting risk analysis relating to aquaculture activities as well as a series of case studies (ICES 2006) . In European Union member states, the adoption of the ''Council Regulation Concerning the use of Alien and Locally Absent Species in Aquaculture'' will enshrine, in law, risk analysis approaches developed for introductions in aquaculture that were, heretofore, largely voluntary (i.e., the ICES Code).
To minimize impacts relating to shellfish introductions and transfers, it is necessary to carry out an appropriate risk assessment in advance of any proposed stock transfers or introductions (Rosenfield 1992 , Minchin 1996 , Minchin & Rosenthal 2002 , Wolff & Reise 2002 , Forrest et al. 2004 , National Research Council 2004 , ICES 2005 , Hewitt et al. 2006 . Several case studies are available (highlighted earlier and ICES 1995 , National Research Council 2004 , Wijsman & Smaal 2006 ) that show the process fairly well and a more general risk analysis process for aquatic organisms is outlined by Orr (2003) . It must be noted that these case studies are all relatively recent and represent the seriousness with which proponents are now considering the ecological risks associated with the movement of species for use in aquaculture. The ICES Code presents a flowchart to follow, the goal of which is to minimize the chances of introductions and ecological damage. The following is summarized from Ruesink et al. (2005) and ICES (2005) and emphasizes the need for 4 main steps in the risk assessment and a fifth to reduce risks associated with direct introduction of stock from one location to another:
1. An extensive understanding of the functioning of the receiving ecosystem (predator-prey interactions, competition, diseases, environmental responses, etc.) and of the basic requirements of the target bivalve species. Use this information for steps 2-4, later. 2. Determine the probability of (i) colonization and establishment of the target bivalve species in the target area and (ii) the potential for the bivalve to spread. 3. Estimate the effect of the introduction of the target bivalve species on the receiving ecosystem, including trophic interactions, habitat transformations, and interactions with native species of concern (threatened or declining). 4. Estimate the probability of transferring/establishing a pathogen or parasite or other deleterious organism into the receiving ecosystem. Although not explicit in the Code, this step should also include any potential effects of all possible hitchhiking species. 5. Establish quarantine and disinfection protocols to help prevent the introduction of undesirable hitchhikers, possibly with the release of only proven uncontaminated progeny into the environment, and the development of a contingency plan to withdraw the species should this become necessary.
It should be highlighted that the complete information required in step 1 is rarely available. That being said, the identification of crucial knowledge gaps in this step is important in guiding future research. A case in point is the number of studies that have been derived from the risk assessment carried out by the National Academy of Science (NRC 2004) on the proposed introduction of nonnative oysters in the Chesapeake Bay, USA. Indeed, some evidence suggests that the utilization of such assessments can help curb the influx of exotic species in a given area. Prior to 1960, the ecological implications of large-scale introductions of exotic bivalves were largely ignored; transfers, and the like occurred without much foresight (Wolff & Reise 2002 ). Since then, many codes of practice have been implemented with respect to shipping, bivalve transfers, and the like, and there has been a concomitant decrease in the rate of exotic species introductions, at least in Europe (Streftaris et al. 2005) . Transfers are thus less important to the introduction of novel species today but are still important on a regional scale both within Europe (Wolff & Reise 2002 ) and eastern Canada . In contrast, unwanted introductions may occur when such logic is not followed. A good example of this concerns Mytilicola orientalis (Mori), a parasitic copepod from Japan that occurs in the lower intestine of oysters and mussels. Britain and Ireland were initially free of the parasite because of historic quarantines for C. gigas. However, a prohibition on the introduction of half grown oysters was deemed to be a contravention of an EU free trade directive (Council Directive 91/67/EEC of 28 January 1991 concerning the animal health conditions governing the placing on the market of aquaculture animals and products). Consequently, half-grown oysters were transferred from France to Ireland, which led to the introduction of this parasite and others and a variety of other exotic species (Minchin et al. 1993 , O'Mahony 1993 , Minchin 1996 , see also Minchin & Rosenthal 2002 for other impacts of the EU directive).
Caveats With Respect to Spread and Predictions of Ecological Effects
Predictions of the risk of spread and ecological effects of introduced bivalve species for aquaculture are only as good as the information available to predict them. Although the requirements of the bivalves being introduced are usually fairly well known, this is not always the case. Novel interactions within a new environment may further limit the accuracy of predictions based solely on information from elsewhere. For example, although the C. gigas culture industry in Tasmania and South Australia, Australia, is entirely based on hatcheryraised seed, the species has been declared a ''noxious fish'' on the Australian mainland in most of New South Wales, where it has escaped from the hatchery-based system and spread, affecting the locally important Sydney rock oyster (Saccostrea commercialis Iredale and Roughley) industry (Shatkin et al. 1997) . Similarly, at the time of the introduction of C. gigas to the Netherlands, conventional wisdom dictated that local environmental conditions would not allow Pacific oysters to successfully reproduce (described in Dijkema 1997) . Not only has the species acclimatized to conditions in the Netherlands, its coverage has increased from 15 hectares in 1985 to 750 ha in 2005 in the Oosterschelde (Smaal et al. 2005) and is now considered a serious nuisance to traditional mussel aquaculture practices.
Similar caveats with respect to the ecological effects of introductions on the receiving ecosystem are at least as important. In general, knowledge of the functioning of the receiving ecosystems is extremely limited. For example, knowledge of the interactions among the endemic roughly equivalent (to the target bivalve) species and their main competitors and predators, as well as its associated fauna and the rest of the ecosystem is commonly lacking. Thus predictions of interactions of any new member of the community are necessarily based largely on studies from elsewhere and general ecological principles. Even when the information is available, novel interactions are likely to arise that could not be predicted, even with the best information and foresight. The case of M. galloprovicialis in South Africa is a good example. The intertidal ecology and biodiversity on the west coast of the country, where M. galloprovicialis is spreading (McQuaid and Phillips 2000) , are very well studied and understood (Branch & Steffani 2004) . The area is characterized by high biomass and relatively low species diversity (Bustamante & Branch 1996) and intense upwellings create strong gradients in productivity along the coast (Bustamante et al. 1995) . Consequently, Branch and Steffani (2004) were able to predict the spread and effect of the introduction of M. galloprovicialis at a variety of levels of complexity of the ecosystem. However, there was no way of predicting that the establishment of M. galloprovicialis would lead to mass mortalities of Ovalipes trimaculatus (De Haan), a mobile burying predatory crab, in the surf zone of sandy beaches. Apparently M. galloprovicialis spat settle on the eyestocks and mouthparts of the crab, which are the only hard substrate in that particular ecotype, effectively killing the animal. Some interactions simply cannot be predicted and any introduction may have some unforeseen effects.
The effects of hitchhiking species are even more complex as most are typically poorly studied and thus their roles in any new environment are even harder to predict. To use a recurring example, the suite of tunicates currently creating problems in PEI seems to have become a fairly unassuming part of the ecosystem in the central part of the New England states according to the ecological literature (see above). However, it appears that their influence in bivalve culture sites in the same general region (Bullard et al. 2005 , Getchis 2005 ) and PEI is not so benign. This may be because many embayments in New England (Altieri & Witman 2006) and PEI (Meeuwig et al. 1998 ) are hyper-eutrophic because of catchment basin land-use patterns. A number of authors have suggested a link between disturbance in the form of eutrophication and the susceptibility of a system to invasion by exotic species (Ruiz et al. 1999 , Ruiz et al. 2000 Indeed, invasive species have been found to outcompete native species or fill vacant niches (see Herbold & Moyle 1986 ) under such conditions. Examples may be found for macrophytes (Bertness et al. 2002) , algae (Wikstro¨m & Kautsky 2004) , phytoplankton (Smayda & Reynolds 2001) and invertebrates (Currie et al. 2000) . There has also been the suggestion that another invasive species, the green crab, may facilitate at least one of these tunicates by consuming a gastropod predator that might limit the establishment of S. clava (Locke et al. 2007 ). These factors interact in myriad ways to modify ecosystem processes and communities. However, most of these interactions are only theoretical and have been little studied (Cloern 2001) . Whatever the cause, the fact that exotic tunicate species become nuisance species in some bivalve culture areas but not in other parts of the same ecosystem underlies the point that prediction of impacts may not be made simply by comparing similar situations.
Quarantine, Disinfection and Other Protocols to Limit Risk
A number of ideas to prevent the spread of the target bivalves have been discussed (Shatkin et al. 1997 , National Research Council 2004 The simplest is to select species that cannot complete their lifecycles in the receiving environment so that the industry will be dependent upon hatcheries (however, see examples of C. gigas in the Netherlands and Germany above). Although this approach has a certain simple appeal, such a species may also not be particularly well adapted for the grow-out environment in other ways and thus may not be the optimal species for the industry. The idea that a target species may be limited to a small geographical area because of particular environmental conditions also has problems. First, if it thrives there, then other vectors (Ruiz & Carlton 2003) become important and secondary spread outside of the original point of introduction is possible, even if the species may not complete its lifecycle within the culture site (National Research Council 2004). More intrusive methods, including polyploidy and genetic modification to produce essentially sterile individuals, have also been suggested. Although polyploidy is feasible in a hatchery situation, all individuals are not affected (Shatkin et al. 1997 ) and some polyploidy individuals may revert to a normal diploid condition (e.g., McCombie et al. 2005 ) thus the risk of spread, although reduced, is not eliminated.
If introduction is deemed acceptable, as outlined above, one of the first lines of defense to limit the introduction of exotic species with aquaculture practices should be to establish quarantine and/or disinfection protocols. The first choice for introductions should be to use hatchery-raised and tested stock grown in ''clean'' areas (Minchin & Rosenthal 2002) . However, this is not always feasible in day-to-day operations of bivalve culture sites as stock is often relayed among sites at a regional scale. Thus, actions must be taken to limit the risk of transferring hitchhikers along with the stock and/or limit their spread in the environment. As pointed out by Buhle et al. (2005) , very different methods may be appropriate for different life stages and cost-effectiveness studies may minimize the cost of an overall management strategy.
A number of treatments to minimize the impacts of tunicates on shellfish culture operations have been evaluated around the world. These including treating the mussel lines and equipment used in the culture operations by either dipping them in or spraying them with acetic and other acids, brine or lime solutions or fresh water or else using high-pressure sprays, drying, heat, and the like (Boothroyd et al. 2002 , Anonymous 2003 , Carver et al. 2003 , Forrest et al. 2004 , Mineur et al. 2004 Thompson & MacNair 2004 , MacDonald et al. 2005 , Swan et al. 2005 . To date, different producers have used different management strategies with lesser or greater degrees of success. For example, Mineur et al. (2004) examined the efficacy of using pressure washing to clean oysters in an experiment that simulated ''normal'' operational culture conditions. After washing, the oysters were then incubated for 40 d under laboratory conditions with a clean water source, after which time about 20 species of algae were observed to be growing on the oyster shells, including a few exotic species found only in that culture site so far. Minchin and Rosenthal (2002) discuss how a shipment of C. gigas from Japan to France led to the introduction of a number of species into Europe, despite the fact that, upon arriving in France, the oysters were subjected to a brine dip to kill the organisms attached to their shells. Shatkin et al. (1997) outline how similar transfers from Japan and British Columbia to France that had been treated with freshwater baths and inspected led to the establishment of a number of species, including barnacles and algae that were stuck to the outside of the oysters. In short, disinfection of bivalves for external hitchhikers is not always effective and must be weighted against the potential environmental impacts of any treatment. Although the use of biological control measures (using other species, usually diseases or predators, to limit the presence of a target species) has been discussed for some time (see Lafferty & Kuris 1996; Messing & Wright 2006) , to our knowledge, few attempts of this have been tried. That being said, an experiment was done in PEI recently to examine the efficacy of a biological control measure to reduce the abundance of C. intestinalis on mussel lines. This was done by sinking the lines to the bottom and supplementing the local population the indigenous rock crab C. irroratus, a predator of the tunicate, with individuals fished elsewhere. Results to date seem promising (Landry, pers. observ.).
The use of dips and the like does not address the problem of introducing organisms that live within living bivalves or the shells of dead ones and thus most parasites, bacteria, viruses, and protozoan diseases as well as some phytoplankton will not be addressed using these methods (Minchin 1996) . The alternative here is to use depuration so that the target bivalves can clear themselves of the organisms of concern. Although longused to purge bivalves of toxins associated with, among various factors, toxic phytoplankton and for coliforms and other noxious human-associated microbes (Otwell et al. 1991 , Sekiguchi et al. 2001 , Blanco et al. 2002 , Lee & Younger 2002 , such an approach has also been shown possible for toxic phytoplankton themselves (Scarratt et al. 1993 , Dijkema 1995 , cited in Kaiser & Beadman 2002 . However, efficacy is both bivalve-and phytoplankton species-dependent (He´garet et al. 2006) . Recent work by Bushek et al. (2004) has also shown that depuration or quarantine of shucked oyster shells prior to use as oyster cultch is important to limit the potential spread of the protozoan parasite Perkinsus marinus (Mackin, Owen & Collier) among regions. Depuration will not however work for organisms that are not released by bivalves over time. This includes many parasites, bacteria, and other bivalverelated pathogens. In these instances, quarantine and growth of F 1 individuals for introduction is prescribed (Minchin & Rosenthal 2002 ). This approach is also however ineffective for vertically transmitted pathogens. Barber (1996) gives an example of how a protozoan parasite, Perkinsus karlssoni, persisted for 10 generations in quarantined Argopecten irradians (Lamarck) populations. Further, any monitoring to see if stock is ''clean'' is only as good as the test used for monitoring (Carnegie et al. 2003) and hitherto unknown species that are only expressed once in a new environment cannot be detected (Minchin 1996) .
The efficacy of the above protocols to limit risk is obviously a function of how well any guidelines are followed. As pointed out by Minchin and Rosenthal (2002) , unauthorized transfers and introductions of bivalves are serious issues that pose risks to future bivalve production and ecosystem integrity. They (Minchin & Rosenthal 2002) give an international (United States to Ireland) example but the same issues exist at regional scales where bivalves are transported among sites for grow-out or relaying (Wasson et al. 2001 ).
CONCLUSION
It is clear that exotic species of bivalves used in aquaculture and other associated species associated with bivalve aquaculture may have important ecological and economic effects. Thus effective management must be used to limit the risks associated with exotic species in aquaculture. To this end, risk analysis has been and should continue to be used to inform these management decisions and to identify knowledge gaps with respect to exotic species in bivalve culture (the cultured bivalves themselves and hitchhiking species). Recent EU legislation has been a positive step towards this end. Although much of the information required to carry out a fully informed risk assessment will often be unavailable, the steps outlined in the risk assessment should nevertheless be completed to the extent possible to both derive an unbiased view of the situation and thus make appropriate management decisions as well as to identify knowledge gaps that should be addressed with directed research, ideally prior to the introduction of bivalves into a system for aquaculture.
In summary, it is apparent that to carry out meaningful risk assessments a number of general areas of research need be addressed: (1) to predict the ability of exotic bivalves to establish and spread in the receiving environment; (2) to predict the impact of exotic bivalves on receiving ecosystems, including interactions with local species, habitat modifications, energy flow, and the like; (3) to identify potential hitchhiker species likely to accompany culture organisms; (4) to better understand the requirements and influence of hitchhiking species in the environment; (5) to better understand the relative importance of natural (currents, dispersion rates, and the like) and anthropogenic (culture species as habitat/substrate providers, stock transfers, processing, hull fouling, and the like) spread of exotic species; (6) to develop remedial measures to mitigate impacts and minimize spread; (7) to better understand the links between the presence of exotic species and other stressors in the environment (e.g., eutrophication, climate change, fishing activities, contamination, and so on). 
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